Mitochondrial dysfunction and oxidative stress contribute to motor neuron degeneration in amyotrophic lateral sclerosis (ALS). Recent reports indicate that astrocytes expressing the mutations of superoxide dismutase-1 (SOD1) may contribute to motor neuron injury in ALS. Here, we provide evidence that mitochondrial dysfunction in SOD1 G93A rat astrocytes causes astrocytes to induce apoptosis of motor neurons. Mitochondria from SOD1 G93A rat astrocytes displayed a defective respiratory function, including decreased oxygen consumption, lack of ADP-dependent respiratory control, and decreased membrane potential. Protein 3-nitrotyrosine was detected immunochemically in mitochondrial proteins from SOD1 G93A astrocytes, suggesting that mitochondrial defects were associated with nitroxidative damage. Furthermore, superoxide radical formation in mitochondria was increased in SOD1 G93A astrocytes. Similar defects were found in mitochondria isolated from the spinal cord of SOD1 G93A rats, and pretreatment of animals with the spin trap 5,5-dimethyl-1-pyrroline N-oxide restored mitochondrial function, forming adducts with mitochondrial proteins in vivo. As shown previously, SOD1 G93A astrocytes induced death of motor neurons in cocultures, compared with nontransgenic ones. This behavior was recapitulated when nontransgenic astrocytes were treated with mitochondrial inhibitors. Remarkably, motor neuron loss was prevented by preincubation of SOD1 G93A astrocytes with antioxidants and nitric oxide synthase inhibitors. In particular, low concentrations (ϳ10 nM) of two mitochondrial-targeted antioxidants, ubiquinone and carboxy-proxyl nitroxide, each covalently coupled to a triphenylphosphonium cation (Mito-Q and Mito-CP, respectively), prevented mitochondrial dysfunction, reduced superoxide production in SOD1 G93A astrocytes, and restored motor neuron survival. Together, our results indicate that mitochondrial dysfunction in astrocytes critically influences motor neuron survival and support the potential pharmacological utility of mitochondrial-targeted antioxidants in ALS treatment.
Introduction
Mitochondrial dysfunction and oxidative stress have been involved in amyotrophic lateral sclerosis (ALS) pathogenesis [for review, see Dupuis et al. (2004) , Bruijn et al. (2004) , and Manfredi and Xu (2005) ]. Previous reports described decreased mitochondrial respiratory activity in spinal cords from transgenic (Tg) superoxide dismutase-1 (SOD1) G93A mice Mattiazzi et al., 2002) and in cellular models of the disease (Menzies et al., 2002) . However, it is unknown whether mitochondrial dysfunction in ALS affects non-neuronal cells in addition to motor neurons. In mutant SOD1 chimeric mice, toxicity to motor neurons requires damage from mutant SOD1 acting within non-neuronal cells (Clement et al., 2003) . Most importantly, non-neuronal cells that do not express mutant SOD1 extend survival of mutant-expressing motor neurons, supporting a role for glia in ALS pathology and raising the concept of the so-called nonautonomous nature of motor neuron death in ALS (Clement et al., 2003) .
Astrocytic activation occurs in both human and animal models of ALS Bruijn et al., 2004) . We have shown that astrocytes may contribute to motor neuron loss. Reactive astrocytes upregulate nitric oxide (⅐NO) production and NGF (nerve growth factor) expression, which induces motor neuron death through p75 receptor signaling Pehar et al., 2004) . These effects can be prevented by increasing antioxidant defenses in astrocytes either by activation of Nrf2 transcription factor or antioxidant treatment . Remarkably, astrocytes expressing SOD1 mutations become neurotoxic for motor neurons (Vargas et al., 2006; Nagai et al., 2007) , suggesting a common link between SOD1 mutations, oxidative stress, and astrocyte-induced neuronal death.
Herein, we provide experimental evidence that mitochondria in SOD1
G93A -expressing astrocytes display severe impairment of oxygen consumption and ADP-dependent respiratory control, which is associated with enhanced mitochondrial superoxide formation and local oxidative and nitrative damage [referred to herein as nitroxidative stress; for review, see Peluffo and Radi (2007) ]. In addition, mitochondrial dysfunction results in decreased ability to sustain motor neuron survival and can be prevented by mitochondrial-targeted antioxidants. Together, our results suggest that mitochondrial activity in astrocytes greatly influences their subsequent ability to regulate motor neuron survival.
Materials and Methods
Materials. JC-1, 3,8-phenanthridine diamine-hexyl triphenylphosphonium iodide (MitoSOX Red), and MitoTracker Deep Red were provided by Invitrogen (Carlsbad, CA). Culture media and serum were from Invitrogen. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was from Alexis Biochemicals (San Diego, CA) and further purified by double distillation. Antibodies to DMPO-protein adducts and protein 3-nitrotyrosine were raised as previously described (Cassina et al., 2000; Mason, 2004) . The manganese porphyrin manganese(III) meso-tetrakis [(Nethyl) pyridinium-2-yl]porphyrin (MnTE-2-PyP), mito-ubiquinone (Mito-Q; a mixture of mitoquinol [10-(3,6-dihydroxy-4 ,5-dimethoxy-2-methylphenyl) decyl] triphenylphosphonium bromide and mitoquinone [10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenylphosphonium bromide) and mito-carboxy-proxyl nitroxide (Mito-CP) were kindly provided by Dr. Ines Batinic-Haberle (Duke University Medical Center, Durham, NC) (Batinic-Haberle et al., 1998), Dr. Michael Murphy (Medical Research Council, Dunn Human Nutrition Unit, Cambridge, UK) (Kelso et al., 2001) , and Dr. Balaranan Kalyanaraman (Medical College of Wisconsin, Milwaukee, WI) (Jauslin et al., 2003) , respectively. All other reagents were from Sigma (St. Louis, MO).
Animals. Procedures using laboratory animals were in accordance with the international guidelines for the use of live animals and were approved by the Institutional Animal Committee. In this study, Sprague Dawley SOD1
WT transgenic rats, which overexpressed the wild-type form of SOD1, were obtained from Dr. Pak Chan (Stanford University, Palo Alto, CA) and remain healthy for at least 2 years (Chan et al., 1998) . Sprague Dawley SOD1 G93A L26H rats, which develop motor neuron disease between 104 and 121 d of age, were kindly provided by Dr. David S. Howland (Wyeth Research, Princeton, NJ) (Howland et al., 2002) . Onset typically appeared as hindlimb abnormal gait affecting one limb first (considered as early symptomatic) and progress very quickly (1-2 d) to overt hindlimb paralysis. Within 1-2 d, the second hindlimb is involved, although animals could still ambulate through the use of forepaws. Affected rats typically reached end-stage disease very quickly, in an average of 11 d after onset of symptoms.
Cell culture. Primary transgenic SOD1 G93A , SOD1 WT , and nontransgenic astrocytes cultures were prepared either from spinal cords or brain of 1-to 2-d-old rat pups according to the procedures of Saneto and De Vellis (1987) with minor modifications . The neonates were previously genotyped by PCR, and neonates bearing the SOD1 mutation were used for preparing SOD1 G93A -bearing astrocyte cultures and the nontransgenic littermates as control cultures. Astrocytes were plated at a density of 2 ϫ 10 4 cells/cm 2 and maintained in DMEM supplemented with 10% fetal bovine serum, HEPES (3.6 g/L), penicillin (100 IU/ml), and streptomycin (100 g/ml). Astrocyte monolayers were Ͼ98% pure as determined by GFAP immunoreactivity and devoid of OX 42 -positive microglial cells. Motor neurons were obtained from embryonic day 15 (E15) rat spinal cord by a combination of metrizamidegradient centrifugation and immunopanning with the monoclonal antibody IgG192 against p75 NTR (Henderson et al., 1993) . For coculture experiments, only wild-type motor neurons were plated on rat astrocyte monolayers at a density of 300 cells/cm 2 and maintained for 48 h in L15 medium supplemented with 0.63 mg/ml bicarbonate, 5 g/ml insulin, 0.1 mg/ml conalbumin, 0.1 mM putrescine, 30 nM sodium selenite, 20 nM progesterone, 20 mM glucose, 100 IU/ml penicillin, 100 g/ml streptomycin, and 2% horse serum, fixed with paraformaldehyde at 4% plus 0.1% glutaraldehyde in PBS at 4°C for 15 min, and then processed for immunocytochemistry as described previously .
Cell treatment. Confluent astrocyte monolayers were transferred to supplemented L15 media prior to treatment. Astrocyte monolayers were incubated with rotenone (2 M), antimycin A (5 M), sodium azide (5 M), fluorocitrate (250 -100 M), DMPO (75 mM), MnTE-2-PyP (10 M), Mito-Q (10 -100 nM), or Mito-CP (10 -100 nM) for 24 h before mitochondrial purification or motor neuron plating after washing twice with PBS supplemented with (in mM) 0.8 MgCl 2 , 1 CaCl 2 , and 5 glucose.
Mitochondrial preparation. Intact spinal cord or astrocyte culture mitochondria were prepared by differential centrifugation as described previously (Cassina and Radi, 1996) . Briefly, rats were anesthetized, and the spinal cord or cerebral cortex was removed and washed extensively, minced, and homogenized with a small tissue grinder. Tissue fragments were disrupted using a Potter-Elvehjem homogenizer in homogenization buffer containing 0.3 M sucrose, 5 mM morpholinepropanesulfonic acid, 5 mM potassium phosphate, 1 mM EGTA, and 0.1% bovine serum albumin (BSA). Confluent astrocyte monolayers were cell scraped in respiration buffer, homogenized, and centrifuged at 1500 ϫ g, and mitochondria were isolated from the supernatant by centrifugation at 13,000 ϫ g. Mitochondrial pellets were resuspended in minimal volume of homogenization buffer.
Oxygen consumption studies. Mitochondrial respiration was measured polarographically using a Cole-Parmer (Vernon Hills, IL) oximeter fitted with a water-jacketed Clark-type electrode (model 5300; YSI, Yellow Springs, OH) in an incubation chamber of 1.6 ml capacity as described previously (Cassina and Radi, 1996) . Briefly, oxygen consumption studies were performed in homogenization buffer at 37°C, pH 7.4, at 0.2-0.5 mg/ml mitochondria. Glutamate-malate (2.5 mM each) and succinate (5 mM) were used to quantify complex I-and II-dependent respiration, respectively. Rotenone (2 M) and antimycin A (AA; 2 M) were used as complex I and III inhibitors, respectively. For each complex respiration, we also tested the addition of the ATPase inhibitor oligomycin (5 M) and the mitochondrial uncoupler carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material). ADP was used to evaluate mitochondrial coupling. The respiratory control ratio (RCR) was calculated as the ratio of oxygen consumption rates after (state 3) and before (state 4) ADP addition. The purity of the mitochondrial fraction was confirmed by measuring cytochrome c oxidase and lactate dehydrogenase activities as markers of mitochondria and cytosol, respectively (Radi et al., 1991) .
Motor neuron counting. Motor neurons on the astrocyte monolayer were identified by p75 immunocytochemistry as previously described . Motor neuron survival was assessed by counting all p75-positive cells displaying neurites longer than four cell diameters in an area of 0.90 cm 2 along a diagonal in 24-well plates. The mean density of motor neurons in control cocultures was 88 Ϯ 5 cells/cm 2 . Determination of superoxide generation by microscopy. Astrocyte monolayers were switched from 10% FBS to low serum (2% horse serum) for 48 h before analysis. Cultured cells were transferred to the heated stage (37°C) of a Zeiss (Thornwood, NY) LSM510 confocal microscope with constant 5% CO 2 and imaged with a 63ϫ oil-immersion objective using 405 nm excitation (Robinson et al., 2006) . Untreated, live astrocytes were imaged to set instrument parameters and minimize autofluorescence from 400 nm excitation. Astrocytes were then incubated with 0.3 M MitoSOX Red for 15 min and washed, and the media were replaced. After MitoSOX Red images were obtained, astrocytes were incubated with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) and 3.5 nM MitoTracker Deep Red.
Flow cytometric analysis of superoxide production and mitochondrial membrane potential. The probe JC-1 was used to measure mitochondrial membrane potential (Almeida el al, 2001 ) and MitoSOX Red to measure mitochondrial superoxide (Mukhopadhyay et al., 2007) . Cells were mildly trypsinized and resuspended at a density of 4 ϫ 10 5 cells/ml in prewarmed (37°C) PBS solution supplemented with 20 mM glucose and 2% FBS, pH 7.4, containing JC1 (2 M) or MitoSOX Red (2.5 M). After a 15 min incubation period at 37°C in the dark, cell suspensions were centrifuged and resuspended in probe-free solution. Data acquisition was performed in a CyAn ADP cytometer (Dako, High Wycombe, UK). Astrocytes were gated to exclude subcellular debris as differentiated by forward and side scatter. Probes were excited with a 488 nm laser. JC-1 monomer fluorescence signal was detected on FL1 (green fluorescence, centered around 530 nm), and JC-1 aggregates on the FL2 detector (red fluorescence, centered around 575 nm). Mean fluorescence intensity values for FL1 and FL2 were obtained for all experiments. The relative aggregate/monomer (red/green) fluorescence intensity values were used for data presentation. These values were expressed in a percentage scale, with the red/green fluorescence ratio values of nontransgenic astrocytes (3.7 Ϯ 0.30) considered as 100% and the red/green fluorescence ratio values of FCCP-treated transgenic astrocytes considered as 0%. MitoSOX Red fluorescence was detected in FL2 (red fluorescence, centered around 575 nm) and expressed as a percentage of nontransgenic cells.
Determination of mitochondrial membrane potential. Astrocyte monolayers were rinsed twice with prewarmed Hank's solution and incubated with 30 M JC-1 in Hank's solution for 30 min at 37°C. Cells were rinsed, mounted, and kept at 37°C. Epifluorescence was examined using a Nikon (Tokyo, Japan) Eclipse TE 200 microscope with the appropriate filters. Fluorescence was monitored in a multifunctional microplate reader Fluostar Galaxy from BMG Labtech (Winooski, VT) using 490 nm excitation/535 nm emission for the monomeric form and 570 nm excitation/ 595 nm emission for the aggregate of JC-1. Mitochondrial membrane potential is shown as a ratio of the fluorescence of aggregate (aqueous phase) and monomer (membrane-bound) forms of JC-1 and was pooled with data obtained by cytometry.
Immunohistochemistry. Early symptomatic SOD1 G93A rats (105-120 d) were injected 48 and 24 h before perfusion with 200 mg/kg DMPO intraperitoneally. Under deep anesthesia (35 mg/kg pentobarbital), rats were transcardially perfused with 0.9% saline followed by 4% paraformaldehyde fixative. The spinal cords were removed and embedded in Paraplast. Five micrometer tissue sections were preincubated with 0.3% hydrogen peroxide in methanol, washed, and permeabilized with 0.1% Triton X-100 in PBS for 15 min and blocked for 2 h with 10% goat serum, 2% BSA, and 0.1% Triton X-100 in PBS. The primary polyclonal anti-DMPO 1:400 was diluted in blocking solution and incubated overnight at 4°C. After washing with PBS, cultures were incubated with secondary anti-rabbit biotinylated antibody 1:250 in blocking solution for 1 h and then with streptavidin-horseradish peroxidase 1 g/ml in Tris-HCl, pH 7.4 (both from Jackson ImmunoResearch, West Grove, PA), for 1 h at room temperature. Development was performed with 0.5 mg/ml DAB solution and 0.01% (v/v) hydrogen peroxide in 0.05 M Tris-HCl. The slides were counterstained with hematoxylin. Images were captured by a Nikon digital camera coupled to a Nikon Eclipse TE 200 epifluorescence microscope.
Western blot analysis. Protein samples were separated on a 10% SDSpolyacrylamide gel and transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ) overnight at 100 mA at 4°C. For DMPO Western blotting, membranes were blocked for 1 h in Tris-buffered saline (TBS), 2.5% BSA, and 2.5% casein and then 1 h incubation with primary anti-DMPO antibody at 1:5000 dilution in the same buffer plus 0.2% Tween 20 (washing buffer). After washing, the membrane was incubated with peroxidase-conjugated secondary antibody (Bio-Rad, Hercules, CA) diluted in 0.3% Tween 20 plus 0.1% bovine serum albumin for 1 h. For nitrotyrosine Western blotting, membranes were blocked for 1 h in TBS, 0.6% Tween 20, and 5% bovine serum albumin, followed by 1 h incubation with primary anti-nitrotyrosine antibody at 1:2000 dilution in the same buffer (Brito et al., 1999) . After washing with 0.6% Tween 20 in TBS, the membrane was incubated with peroxidaseconjugated secondary antibody (Bio-Rad) diluted in 0.3% Tween 20 plus 0.1% bovine serum albumin for 1 h. Then both membranes were washed and developed using the ECL chemiluminescent detection system (GE Healthcare). Densitometric analysis was performed using the NIH ImageJ program.
Statistics. Each experiment was repeated at least three times, and data are reported as the mean Ϯ SEM. Comparison of the means was performed by one-way ANOVA. Pairwise tests between any two means used the Student-Newman-Keuls test, and differences were declared statistically significant if p Ͻ 0.05. When normality test failed, comparison of the means was performed by one-way ANOVA on ranks followed by the Kruskal-Wallis test. All statistics were performed using the SigmaStat Software (SPSS, Chicago, IL).
Results

Decreased mitochondrial respiration associated with oxidative stress in the SOD1
G93A rat spinal cord To assess whether the electron transport chain (ETC) function was altered in mitochondria from SOD1 G93A rats, we measured oxygen consumption in mitochondria preparations from the spinal cord. We selected early symptomatic animals (120 d of age) to perform the study. We stimulated mitochondrial respiration by either glutamate-malate or succinate, which supply reducing equivalents through complex I and II, respectively ( Fig. 1 A, B; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). In this assay, addition of ADP increases oxygen consumption only in well coupled mitochondria preparations. Here, glutamate-malate or succinate induced oxygen consumption in mitochondria from both transgenic and nontransgenic rats. However, the addition of ADP increased oxygen consumption only in mitochondria from nontransgenic spinal cords, indicating that coupling, and therefore the ability to synthesize ATP, was significantly impaired in spinal cord mitochondria from symptomatic SOD1 G93A rats (Fig. 1 A, B) . Remarkably, such defect could be prevented by the systemic administration of the spin trap DMPO (50 mg/kg) to symptomatic animals 48 and 24 h before mitochondrial isolation (Fig. 1 A, B) . DMPO is a nitroxide that reacts with a variety of radicals, including protein radicals, to form DMPO-protein radical adducts. We then explored whether DMPO was able to trap mitochondrial protein radicals in vivo using a specific antibody that recognizes DMPO nitrone-protein adducts (Detweiler et al., 2002) . Indeed, in biological systems the unstable protein-DMPO nitroxide radical adduct can be oxidized by one electron to a stable and electron paramagnetic resonance-silent protein-DMPO nitrone adduct, which can be recognized immunochemically (Detweiler et al., 2005) . Western blot analysis showed an increase in DMPO-protein adducts in mitochondrial protein extracts from DMPO-treated SOD1 G93A rat spinal cords compared with DMPO-treated nontransgenic animals (Fig. 1C) . In agreement, immunohistochemistry of spinal cord sections revealed an increase in DMPO-protein adducts staining in both neuropil and motor neurons from transgenic animals, whereas a low background was observed in nontransgenic ones (Fig. 1 D) .
Antioxidants and NOS inhibition restored the uncoupled mitochondrial activity in cultured SOD1
G93A -expressing astrocytes To determine whether mitochondrial respiration was affected in SOD1 G93A astrocytes, we isolated mitochondria from pure astrocyte cultures obtained from nontransgenic, SOD1
WT , or SOD1 G93A transgenic neonate rats, which overexpressed either wild-type or G93A mutation of SOD1, respectively. We used the cerebral cortex instead of the spinal cord as a source to provide sufficient yield of mitochondria for respiratory experiments. Mitochondria from SOD1 G93A -bearing astrocytes showed a decrease in both complex I-and II-dependent respiration rate and no increase in oxygen consumption in response to ADP compared with mitochondria from nontransgenic or SOD1 WT (Fig.  2 A, B; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The defect was comparable with that observed in whole spinal cord mitochondrial preparations (Fig.  1 A, B) . When SOD1 G93A astrocytes were preincubated with DMPO (75 mM) for 48 h before mitochondria isolation, the respiratory control rate was partially reestablished. The detection of oxidative damage in mitochondria associated with organelle dysfunction described in Figure 1 prompted us to test the recently designed mitochondrial-targeted antioxidants Mito-Q and Mito-CP. These compounds have been developed by covalently coupling to triphenylphosphonium cation, thereby allowing these compounds be preferentially taken up by mitochondria (Kelso et al., 2001) . They have been shown to be effective in preventing oxidative damage at substantially lower concentrations than other antioxidants (Jauslin et al., 2003; Dhanasekaran et al., 2005) . Transgenic astrocytes preincubated with Mito-Q (20 nM) for 24 h recovered the ability to increase oxygen consumption after addition of ADP and restored the RCR (and therefore coupling) to control values more effectively than DMPO (Fig.  2 A, B) . The preincubation of non-Tg astrocytes with Mito-Q did not affect mitochondrial respiration (data not shown). We have previously described that SOD1
G93A transgenic astrocytes produce more nitric oxide than nontransgenic ones (Vargas et al., 2006) . Because nitric oxide may be contributing to oxidative damage, we then pretreated transgenic astrocytes with the nitric oxide synthase (NOS) inhibitor L-N-nitroarginine methyl ester (L-NAME; 5 mM) and also found that this restores the RCR (Fig.  2 A) . Western blot analysis of mitochondrial protein extracts from the same mitochondrial samples used for the oxygen consumption studies revealed changes in protein 3-nitrotyrosine immunodetection, a well established biomarker of nitric oxide-derived oxidants (Radi, 2004) . The samples from SOD1 G93A -bearing astrocytes exhibited an increase in 3-nitrotyrosine-immunoreactive bands compared with nontransgenic ones. Furthermore, Mito-Qtreated SOD1
G93A astrocytes showed a decrease in 3-nitrotyrosine immunoreactivity (Fig. 2C) , indicating that Mito-Q treatment diminished nitroxidative damage to mitochondrial proteins. G93A rats (120 d of age; b), and vehicle-injected SOD1 G93A rats (c). Note the intense punctuate immunolabeling in both motor neurons (arrows) and surrounding glial cells (arrowheads) in b compared with lack of labeling in a. DMPO was injected intraperitoneally (50 mg/kg) 48 and 24 h before mitochondrial isolation, and anti-DMPO was used at 1:400. Scale bar, 20 m. Images are representative from three independent experiments.
Figure 2. Antioxidants and NOS inhibition reestablished mitochondrial respiration and decreased protein 3-nitrotyrosine levels in mitochondrial proteins from SOD1
G93A astrocytes. A, Representative oxygen consumption curves by mitochondria isolated from cultured cerebral cortex astrocytes prepared from non-Tg or transgenic SOD1
WT or SOD1 G93A rat neonates treated as indicated. Mitochondrial respiration was evaluated as indicated in Figure 1 . DMPO (75 mM, 48 h), Mito-Q (10 nM, 24 h), or L-NAME (5 mM, 24 h) were added to the culture medium of SOD1 G93A before mitochondrial isolation. Numbers under the traces indicate the absolute values of state-3 and -4 respiration in micromolar O 2 per minute. B, Calculated respiratory control ratio for complex I and II of astrocyte mitochondria from the indicated groups. Data are mean Ϯ SEM from four independent experiments. *p Ͻ 0.05, significantly different from non-Tg control. C, Protein 3-nitrotyrosine immunoblotting of mitochondrial proteins from the same samples used to measure oxygen consumption in A. Thirty micrograms of mitochondrial protein were seeded per lane in 13% acrylamide gel. Numbers on the left indicate molecular weights, and numbers on the bottom indicate the mean optical density for each lane. This is a representative blot from three independent experiments.
Superoxide generation and membrane potential determination in SOD1
G93A astrocyte mitochondria To evaluate mitochondrial oxidant formation in SOD1 G93A astrocytes, cultures were incubated with MitoSOX Red, a specific and mitochondrial-targeted detection probe for superoxide radical (O 2 ⅐ Ϫ ) (Robinson et al., 2006) . SOD1 G93A transgenic astrocytes showed an approximate twofold increase in fluorescence emission from the superoxide product of MitoSOX Red as detected using the selective excitation wavelength at 405 nm (Fig.  3A) . Mitochondrial superoxide generation was measured simultaneously in a large population of astrocytes by flow cytometry as has been recently published (Mukhopadhyay et al., 2007) , using 5 M antimycin A, a complex III inhibitor that increases mitochondrial superoxide production, as a positive control (Fig. 3B) . The mean fluorescence intensity showed increase in SOD1
G93A astrocytes compared with SOD1
WT or non-Tg astrocytes. The increment was reduced to the nontransgenic levels when SOD1 G93A astrocytes were treated with Mito-Q (Fig. 3B) . However, basal levels of fluorescence are likely to reflect direct redox interactions of MitoSOX with ETC components in addition to the O 2 ⅐ Ϫ -dependent reactions. To further characterize the mitochondrial dysfunction, we used the JC1 fluorescent probe to measure mitochondrial membrane potential by flow cytometry as previously published (Almeida et al., 2001) . The ratio of the fluorescence of aggregate and monomer forms of JC-1 also reflected a decrease in mitochondrial membrane potential in SOD1 G93A transgenic astrocytes (Fig. 3C) . The ability to concentrate the JC-1 probe in mitochondria was equally decreased in both cortical and spinal cord astrocytes (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material).
Astrocytes fail to support motor neuron survival after mitochondrial dysfunction: protective action of mitochondrial-targeted antioxidants
We then analyzed whether SOD1 G93A astrocytic mitochondrial dysfunction could affect motor neuron survival in a coculture model of ALS previously described by our group . A feeder layer of SOD1 G93A astrocytes decreased the survival of nontransgenic motor neurons by 50% compared with a feeder layer of nontransgenic astrocytes (Fig. 4) or with SOD1 WT astrocytes (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Pretreatment of SOD1 G93A astrocytes with the NOS inhibitor L-NAME (5 mM), the spin trap DMPO (75 mM), or the metalloporphyrin catalytic antioxidant MnTE-2-PyP (10 M) before motor neuron plating enhanced motor neuron survival to the level of that obtained on a feeder layer of nontransgenic astrocytes (Fig. 4) . On the other hand, induction of mitochondrial dysfunction by pretreatment of nontransgenic astrocytes with different ETC inhibitors decreased motor neuron survival in coculture conditions (Fig. 4) , which was reversed by L-NAME and MnTE treatment (data not shown). We used rotenone (2 M), antimycin A (5 M), and sodium azide (5 M), complex I, complex III, and complex IV inhibitors, respectively. Furthermore, we used fluorocitrate (100 -250 M), which blocks the activity of Krebs cycle enzyme aconitase and has been recently shown to induce inhibition of astrocyte mitochondria and increase vulnerability of cocultured neurons to glutamate toxicity (Voloboueva et al., 2007) . The ETC inhibitors did not affect astrocyte viability at the concentration used (data not shown). Preincubation of SOD1 G93A -bearing astrocytes with Mito-CP or Mito-Q for 24 h, at much lower concentrations than used for compounds in Figure 4 , resulted in increased motor neuron survival in cocultures to a degree similar to that achieved over a nontransgenic astrocyte monolayer (Fig. 5) . Indeed, the pretreatment of nontransgenic astrocytes with both compounds improved the motor neuron survival obtained in the control condition (Fig. 5) .
Discussion
Herein, we provide evidence that mitochondrial dysfunction linked to nitroxidative stress in SOD1 G93A astrocytes promotes the death of neighboring motor neurons. Previous studies have shown decreased mitochondrial function in SOD1 G93A ALS mice Mattiazzi et al., 2002) and motor neuron cell lines transfected with ALS mutated forms of SOD1 (Menzies et al., 2002; Fukada et al., 2004) . Our findings indicate for the first time that mitochondrial defects and enhanced generation of oxidants including O 2 ⅐ Ϫ are occurring in cultured SOD1 G93A astrocytes but not in SOD1
WT astrocytes, which cause SOD1 G93A astrocytes to become neurotoxic for motor neurons. Furthermore, this can be prevented by mitochondrial-targeted antioxidants and NOS inhibitors. Together, these results support the idea that nitroxidative stress-induced mitochondrial defects in astrocytes may contribute to disease pathogenesis.
Defective mitochondrial respiration in SOD1 G93A astrocytes seems to be associated with nitroxidative stress as shown by: (1) the extensive formation of DMPO-protein adducts and protein 3-nitrotyrosine in isolated mitochondria from both spinal cord and astrocyte cultures and (2) the fact the spin trap DMPO, a NOS inhibitor, and, in particular, low concentrations of mitochondrial-targeted antioxidants (Mito-Q and Mito-CP) completely reversed mitochondrial dysfunction in vitro and/or in vivo. Use of DMPO allowed us to combine the specificity of spin trapping and the sensitivity of antigen-antibody interactions to detect the in vivo formation of protein radicals. The immunodetection of protein-DMPO radical adducts has been used before for Western blotting of isolated proteins (Detweiler et al., 2005) , but here we show for the first time that it is also suitable for Western blotting and immunohistochemistry in vivo, after systemic DMPO administration to animals. In fact, this approach provides a new tool to detect free radical damage in vivo, extending the utility of other markers, including 3-nitrotyrosine (Abe et al., 1997; Bruijn et al., 1997) and hydroxynonenal-protein adducts (Pedersen et al., 1998) . It is not fully clear how trapping protein radicals with DMPO was beneficial to the cells; most likely, the formation of protein radical-DMPO adducts will block free radical-propagating reactions (Nauser et al., 2005) . Accordingly, DMPO treatment has been shown to increase the lifespan in SOD1 G93A transgenic mice . Overall, the results with DMPO further support the impact of oxidative stress in ALS pathology and prompted us to evaluate the efficacy of more specific redox-based therapies.
Previously, it has been shown that SOD1 G93A astrocytes are toxic for motor neurons in coculture via diffusible factors (Vargas et al., 2006; Nagai et al., 2007) . A mechanism involving oxidative stress, increased ⅐ NO production, and decreased glutathione levels has been proposed (Vargas et al., 2006) . Here, we show evidence that defective mitochondrial respiration leads to the establishment of a neurotoxic astrocyte phenotype. Decrease of mitochondrial respiration in nontransgenic astrocyte cultures by ETC inhibitors, particularly azide-dependent inhibition of cytochrome c oxidase and fluorocitrate-dependent inhibition of aconitase, resulted in decreased motor neuron survival, suggesting that mitochondrial function in astrocytes is necessary to support motor neuron survival. Furthermore, restoration of astrocytic mitochondrial respiration with antioxidants Mito-Q and Mito-CP prevented the neurotoxic phenotype. In addition, we have recently shown that these mitochondrial-targeted antioxidants are effective in preventing cell death in pure motor neuron cultures challenged with proapoptotic stimuli that trigger ROS G93A astrocyte monolayers with L-NAME (5 mM), DMPO (75 mM), or MnTE (10 M) for 24 h as indicated and washed, and then a nontransgenic motor neuron suspension was added. Motor neuron counting was performed as described in Materials and Methods. Data are presented as a percentage of the non-Tg control group. Data are mean Ϯ SEM from three independent experiments. *p Ͻ 0.05, significantly different from non-Tg control. G93A astrocyte monolayers as indicated. The non-Tg or the SOD1 G93A -bearing monolayers were previously treated with Mito-Q (10 -100 nM) or Mito-CP (10 -100 nM) for 24 h as indicated and washed, and then a nontransgenic motor neuron suspension was added. Dotted lines indicate the 100 and 55% motor neuron survival obtained in control conditions over a nontransgenic or SOD1 G93A astrocyte feeder layer, respectively. Data are presented as described in Figure 4 . Data are mean Ϯ SEM from three independent experiments. *p Ͻ 0.05, significantly different from non-Tg control.
formation (Pehar et al., 2007) . As a first step toward mitochondria-specific therapies, the Murphy and Kalyanaraman laboratories have developed bioactive molecules delivered to mitochondria by covalent attachment to the triphenylphosphonium cation through an alkyl chain (Kelso et al., 2001; Dhanasekaran et al., 2005) . The delocalized positive charge of these lipophilic cations enables them to permeate lipid bilayers easily and to possibly accumulate several hundredfold within mitochondria. This selective uptake greatly increases the efficacy and specificity of molecules designed to interact with mitochondria while also decreasing harmful side reactions. In this work, we show that Mito-Q is effective in restoring mitochondrial respiration and preventing neurotoxicity in SOD1 G93A -bearing astrocytes at much smaller doses than those used for other antioxidants. The effects of Mito-Q are likely to be combined effects, resulting in decreased steady-state levels of superoxide (decrease of MitoSOX oxidation) and peroxynitrite (decrease of mitochondrial protein nitration). Additional studies are required to further define the specific protective mechanism at the cellular level, but the mitochondrial-targeted antioxidants provide a new potential therapy to be tested in ALS models.
One potential functional consequence of mitochondrial dysfunction in ALS is the impairment of energy metabolism and increased generation of oxidants. Overexpression of SOD1 G93A in a cell line reproduces mitochondrial abnormal morphology and decreased respiration rate (Menzies et al., 2002) and makes the cells highly dependent on glycolysis, suggesting that SOD1 G93A expression may induce a switch to anaerobic metabolism to maintain ATP levels. Such observations in a cell line might be relevant to understand the impact of SOD1 G93A in astrocytes that are known to switch from aerobic to glycolytic metabolism in response to ETC inhibition by ⅐NO (Almeida et al., 2001) . Recently, we showed overproduction of ⅐NO in SOD1 G93A astrocytes (Vargas et al., 2006) . In addition, here we demonstrate that there is an increase in mitochondrial O 2 ⅐ Ϫ formation in SOD1 G93A astrocytes using a novel and specific mitochondrialtargeted fluorescent probe. Because mutant SOD1 has been shown to mediate aberrant oxidative chemistry in neuronal cells (Estevez et al., 1999; Zimmerman et al., 2007) , increased ⅐NO and O 2 ⅐ Ϫ would facilitate the formation of peroxynitrite, which can damage key mitochondrial enzymes (Radi et al., 2002; Quijano et al., 2005) . The mutated forms of SOD1 can be found inside mitochondria (Jaarsma et al., 2001; Higgins et al., 2002; Liu et al., 2004; Vijayvergiya et al., 2005) and may shift the redox state of respiratory complexes (Ferri et al., 2006) or disrupt the association of cytochrome c with the inner membrane (Kirkinezos et al., 2005) . Furthermore, aggregates of wild-type and mutant SOD1 in the mitochondria from transgenic mouse spinal cord correlate with exacerbation of the disease (Deng et al., 2006) . All the previous mechanisms may contribute to increase nitroxidative damage inside mitochondria. Accordingly, DMPO, L-NAME, Mito-Q, and MnTE-2-PyP restored mitochondrial respiration and also prevented astrocyte-derived neurotoxicity. It has been recently shown that MnTE-2-PyP in the Mn 3ϩ oxidation state is reduced by complex I and complex II of the mitochondrial ETC, and the reduced (Mn 2ϩ ) complex reacts and decomposes peroxynitrite, suggesting that Mn-porphyrins may act as peroxynitrite reduction catalysts in vivo and protect mitochondria from oxidative damage (Ferrer-Sueta et al., 2006; Spasojević et al., 2007) . These results emphasize the key role of nitroxidative stress in astrocytes in the pathogenesis of neurodegenerative diseases.
It needs to be established whether compounds that ameliorate mitochondrial dysfunction might be beneficial in ALS. Compounds that can improve the bioenergetics of mitochondria such as Mn-porphyrins have been shown to increase the lifespan in SOD1 G93A transgenic mice (Wu et al., 2003) . Our results support that astrocytes might be a target for redox-based therapies in ALS. In summary, we have shown that astrocytes from SOD1 G93A transgenic animals exhibiting an altered mitochondrial activity are neurotoxic for motor neurons. The restoration of mitochondrial function after mitochondrial-targeted antioxidant treatment opens hope for more specific tools to treat a wide range of neurodegenerative disorders.
